Laboratory measurements of the absorption coefficient and refractive index of solid CO 2 are reviewed for all parts of the electromagnetic spectrum from the ultraviolet to the microwave with emphasis on values for temperatures above 77 K. The available measurements in some cases require reinterpretation.
Introduction
Understanding the reflection, transmission, absorption, and emission of radiation by materials containing C02 ice requires knowledge of the optical constants of pure clear solid C02 as functions of wavelength: the absorption coefficient kabs (units of inverse length) and the refractive index mRe. They are combined as real and imaginary parts of the complex index of refraction m(X) = mRe(X) -imim(X), where X is the wavelength in vacuum and kabs 47rmIm/X. The propagation of an electromagnetic wave in C02-ice is described by m(X) or by the complex relative permittivity, E(X) = ERe(X) -ieim(X), where m 2 = e. Re is often called the dielectric constant. This review is directed toward planetary science applications, so emphasis is placed on measurements of the optical constants at temperatures above 77 K. C0 2 -ice occurs naturally on the surface and in the atmosphere of Mars,' where its temperature is probably -150 K. Some of the measurements reviewed here were motivated by attempts to explain satellite measurements of radiation emitted and reflected by Mars.
At pressures below the triple point (5.2 atm), carbon dioxide exists only as a gas or solid. The sublimation point at 1-atm pressure is 195 K. Only one form of width are temperature-dependent, making both the measurements and compilation difficult. The absorption is very weak in the regions between the lines. Figure 4 of Fink and Sill 5 compares the CO 2 spectrum with those of other ices (CH 4 , H 2 0, NH 3 , NH 4 SH, and H 2 S), commenting that "the spectrum of CO 2 has the sharpest features of any solid we have observed." They attribute the contrast between the water-ice spectrum and the C0 2 -ice spectrum to the lack of hydrogen bonding in CO 2 ice. Weaker interactions between molecules allow longer lifetimes for excited states and thus narrower absorption lines.
Although kabs is very small between the absorption lines, it is not negligible. Accurate quantitative values of kabs are needed even where it is small, because it affects the reflectance and emittance of planetary surfaces. Absorption of solar radiation by CO 2 snow can be quite significant (30%) even in spectral regions where kabs is 5-6 orders of magnitude smaller than in the strong bands. 6 Some of the spectral channels used for remote sensing of the Martian surface by satellite also are located in the weakly absorbing regions between the lines.
Subsidiary peaks appear in the spectrum near the strong absorption lines due to the less common isotope 13 C1 6 0 2 . If the measurements reviewed here are to be used for inferences about other planets, the assumption is implicit that the 13C/1 2 C ratio is the same as on earth.
B. Difficulties of Measurement
The absorption coefficient kabS (or the imaginary index mim) is obtained by measurements of light transmission through clear crystals of CO 2 . In spectral regions where mim is large (20.01) it can also be obtained by reflectance measurements. The latter procedure has not been tried for CO 2 ice, except in the UV, perhaps because it is difficult to obtain a smooth surface on samples formed by condensation of gas onto a cold window. To obtain measurable transmission in the strong IR band at 4.3 ,um, samples of 40-420-nm thickness were used, 5 7 and in the UV some films only 20 nm thick were used. 8 In the spectral regions of weak absorption, thicker crystals (several millimeters) are needed to obtain significant attenuation. As the crystals grow thicker by deposition, it becomes more difficult to keep them free from cracks. This is one reason for the paucity of measurements of kabs between the strong lines. Egan and Spagnolo 9 were able to prepare clear samples only by adding small amounts of water and mineral oil. They also found it important to polish the samples to avoid light scattering from a rough surface. According to them, "If optically clear dry ice was not selected, the imaginary portion of the complex index could be [erroneously computed to be] higher by a factor of ten because of the greater amount of light scatter."
A method for growing clear thick samples of pure CO 2 without additives was mentioned by Behn.1 0 This method was modified and described in detail by Gaizauskas,' 1 who used it to grow CO 2 ice for measurements of the weak v 1 band. It was used by subsequent workers in the same laboratory, 12 1 3 but it appears not to have been tried by workers elsewhere. For example, Ditteon and Kieffer1 4 were unable to report accurate values of mjm in the weakly absorbing regions of the IR because their samples were cracked and also had a rough surface, so that the attenuation of light due to scattering was very likely greater than that due to absorption in many parts of the spectrum they measured.
Another experimental difficulty is the need for very high spectral resolution in the vicinity of the strong lines. The data of Fink and Sill 5 show that some of the absorption lines have halfwidths <1 cm-' in wave number. The measurements by most other authors were made with spectral resolution coarser than 1 cm-1, so they did not resolve the peaks adequately.
A final difficulty in describing the absorption spectrum is the fact that the positions, strengths, and widths of the lines are temperature-dependent, generally broadening as the temperature T is increased. This means that an adequate description of m(X,T) will require measurements of kabs at several temperatures for each wavelength. Such a complete description is not now available. Most parts of the spectrum have been measured only at one temperature. Here we accept data from measurements at any temperature T > 77 K (in the UV we accept measurements also at lower temperatures) and do not attempt to describe the temperature dependence because of lack of information.
The real index mRe can be obtained by measurements of reflection or refraction (or by counting interference fringes in thin films) in spectral regions where mlm is small enough that it does not affect the reflectance. This has been done in the visible region by several authors. At other wavelengths, mRe can be obtained by Kramers-Kronig analysis if mim(X) is known for the entire spectrum:
where P indicates the Cauchy principal value of the integral.
C. Compilation Procedure
The approach used in my recent review of optical constants of water ice 15 is also used here. Measurements of mjm are reviewed and displayed in figures to illustrate the differences that exist between experiments in different laboratories. Transmission data from the cloudy sample of Ditteon and Kieffer' 4 in the IR are reanalyzed by means of subsequently available constraints on the real index and by forcing their mlm to agree as closely as possible with that measured on a clear sample by Gaizauskas 1 in the 6-9-,um spectral region, where the two sets of measurements overlap. The reanalysis involves estimation of a wavelengthdependent scattering coefficient k 5 ct(X) for the cloudy sample. A trial function mm(X) is then constructed to be used in Eq. (1). In this trial function, however, mlm(X) in the 4.3-and 5 -rm bands was obtained from transmission data of Yamada and Person 7 by assuming that (after subtracting a background spectrum) the attenuation was due entirely to absorption, not to reflection. This assumption by Yamada and Person is incorrect; mm is so large here that it causes mRe tovary greatly across the band according to Eq. (1), causing the reflectivity of the air-CO 2 and window-CO 2 interfaces to vary with wavelength. Our procedure, therefore, involves (1) scaling of the x ray or ultraviolet mm to obtain the correct mRefor visible wavelengths (because mRe.in the visible is better known than mm in the x ray and UV); (2) a computation of reflectivity of Yamada and Person's sample using a trial real index function MRe(X) and redetermination of mim(X) from the transmission data at 4.3 and 15 ant; and (3) a computation of real index over the entire spectrum by Eq. (1). Steps More discussion of the Kramers-Kronig analysis methods, as well as the numerical procedures, are given in the parallel article on H 2 0 ice . 1 5 The self-consistent set of mim(X) and MRe(X) are then tabulated for much of the spectrum. 
PHOTON ENERGY (eV)
E
Ultraviolet and X Ray
A. Sources of Data Koster 1 6 (1971) measured the oxygen K-emission band of CO 2 ice, which is located in the soft x-ray region of 2.3-2.4-nm wavelength as it is in water ice. 15 No absolute values of absorption coefficient were given. We use the spectral shape of kbs obtained by Koster and scale the absolute values below to obtain the correct value of mRe in the visible when the Kramers-Kronig (KK) analysis is done. One section of the curve has the notation X1O. This does not mean that the values have been multiplied by 10 but instead is apparently an instruction to the reader that the plotted values need to be multiplied by 10. This ambiguity was resolved during the KK analysis described below; the alternative interpretation caused gross disagreement with our derived mRe-] Koch and Skibowski 1 9 (1972) (KS) measured the reflection spectrum of CO 2 at 30 K, from 40 to 140 nm, using polarized synchrotron radiation as the UV light source. KS applied KK analysis to the reflection spec- trum to obtain e. To do this they assumed that mRe (visible) = 1.22, somewhat lower than the value of 1. 4 we find below. Unfortunately, KS plotted only Elm, not ERe, but we need both to obtain mim.
Three attempts are made to infer mlm from the published data: (1) KS plots of elm(X) and reflectivity r(X) are used to find an eRe(X) consistent with them via the Fresnel equations. 2 0 However, when the resulting mim(X) is used in a KK analysis of the entire spectrum, the ERe which is computed is different than that used in deriving mlm. This inconsistency is probably due mainly to the difficulty of reading values accurately off the small graph in the KS published paper. (2) The published reflectance is analyzed 2 1 to infer . This procedure (also used by KS) is not definitive because it is very sensitive to the assumption made about the lowfrequency wing of r(X). (3) The KS reported values of eim(X) are used in a KK analysis of the entire spectrum (after the remainder of the spectrum has been constructed), using Eq. (17.10b) of Stern, 22 modified in analogy to Eq. (3) of Warren. 15 Subsequent to these attempts to infer mlm, the values of eRe(X) which had been obtained by KS but not published in their paper were kindly supplied by Koch. The mim(X) corresponding to KS values of (ERe,EIm) is plotted in Fig. 1 and is used below in the KK analysis of the entire spectrum. It agrees with the values obtained in procedure (3) of the previous paragraph.
The explanation of the spectrum measured by KS, in terms of electronic structure, was recently reviewed by Fock et al. 2 3 Monahan and Walker 8 (1974) (MW) measured transmission through films of CO 2 20-40 nm thick at 77 K from 106-to 182-nm wavelength. Surface reflectance varies with wavelength in this region, and MW corrected for it "by comparing the transmitted intensities for two films of different thickness." The formula they gave for doing this [their Eq. (1)] is incorrect; probably it is a misprint. (The equation was given correctly in a subsequent paper. 2 4 ) MW obtained this difference in thickness not by direct measurement but rather by calibration against the optical constants of KS in the region where they overlapped. Details of the band structure at 125-130 nm shown in their Fig. 2 do not agree with kabs(X) plotted in their Fig. 1(a) . In Fig. 1 here we plot the corresponding mjm from both of their figures. Even though MW stated that they scaled their kabs to match that of KS, the two disagree considerably from 118 to 140 nm. The subsequent measurements 2 4 by MW are useless to us because the difference in thickness between the two samples was not given.
B. Compilation of Imaginary Index
We choose to ignore the data of MW because of (a) lack of agreement between MW Fig. 1 (a) and MW Fig.  2 , (b) the fact that the MW peak in mjm does not occur at the 118-nm wavelength found by both Daniels and KS, and (c) the fact that MW showed continued large absorption (mlm > 0.2) out to 180 nm, in disagreement with the rapid drop in absorption to near zero found by both Daniels and KS at -125 nm.
It is difficult to choose between the values of Daniels and those of KS. Daniels mlm is larger everywhere but especially in the peak at 118 nm. Since this is an electronic transition, it seems unlikely that this huge difference could be due to the change of temperature from 6 to 30 K. A possible experimental error which could cause KS values to be too low is a rough surface on their sample, which might scatter light in other directions than toward the detector so that the measured reflectance would be too low. If the Daniels values are correct, the KS reflectivity is a factor of 1.6 too low at 20 eV and a factor of 3 too low at 10 eV.
However, there is evidence that this peak at 118 nm is quite large at higher temperature. The favored measurements of mRe(X) is the visible described in Sec. IIIA show mRe (at T = 80 K) increasing as wavelength decreases (the values of Seiber et a1 25 shown in Fig. 2 ). The magnitude of this increase implies a peak even larger than Daniels reported. An alternative explanation of the wavelength-dependence of visible mRe would be a strong absorption band in the 180-330-nm spectral region, a region which has never been investigated. However, that seems unlikely because the spectrum of CO 2 gas 2 6 shows only weak absorption throughout this region, with average absorption coefficients a factor of 100 smaller than those in the 50-130-nm region.
On the other hand, evidence in favor of a small peak at 118 nm at higher temperatures can be found in the transmission measurements of Abe and Onaka 2 7 at T = 77 K. They did not measure their sample thickness, so it is unknown how much of their optical density is due to reflection as mRe varies through the spectrum. However, their spectrum shows the peak at 118 nm rising above its background to about the same extent as found by KS (Fig. 1) . (The measurements of MW plotted in Fig. 1 are not evidence in favor of KS; they were intentionally scaled by MW to agree with KS as mentioned above.)
For the compilation we use Daniels mim(X) because of the evidence from mRe(X) in the visible. However, because of the difficulty of choosing between the mlm of Daniels and that of KS, separate KK analyses are performed below using each of them to compute two sets of mRe(X). These mRe(X) differ only for X ' 0.6 ktm. They are both plotted below for the UV region so that the reader can choose either. measured the intensity of interference fringes and found mRe = 1.41 + 0.05 at X = 1.1gm and T 70 K. Tempelmeyer and Mills 2 8 located interference fringe maxima as a function of sample thickness at T = 77 K finding mRe to decrease as wavelength increases. Seiber et al. 2 5 (in the same laboratory) later used the same method at 82 K obtaining somewhat weaker dependence of mRe on X and explained why their measurements were likely to be more accurate than those of Tempelmeyer and Mills.
The dependence of mRe on condensation temperature was investigated first by Kruger and Ambs 2 9 for only two temperatures and more thoroughly by Schulze and Abe 30 for temperatures of 4-86 K (at the single wavelength X = 0.633 gm). The refractive index increases with deposition temperature because the crystal structure is porous and the CO 2 ice is less dense when the gas is condensed at lower temperature. Schulze We ignore the data of Egan and Spagnolo 9 at 195 K because of their large uncertainty, but they raise the possibility that mRe may be somewhat lower at high temperatures.
The observed increase of mRe with decreasing wavelength is caused by the strong UV absorption band. If we use the mlm of KS in the UV, we obtain mRe = 1.427 at X = 0.3 gm and mRe = 1.408 at X = 0.6 gm, whereas Daniels mIm causes mRe = 1.448 and 1.411, respectively. Our choice of Daniels data for the UV thus causes a steeper dependence of mRe on X in the visible but still not as steep as the dependence observed by Seiber et al.
B.
Imaginary Index
The only measurements of absorption by CO 2 ice in the visible were made by Egan and Spagnolo 9 (ES). They used commercial dry ice which contained 50 ppm of water and 50 ppm of mineral oil to reduce cracking and light scattering. These impurities were thought to cause negligible absorption in the wavelengths stud- The fact that commercial dry ice was used without purification is a cause for concern. Trace amounts of absorptive impurities introduced during the manufacturing process could cause large errors in the measured absorption because CO 2 is relatively transparent in this spectral region. For example, if ES's sample contained more than 0.5 ppm of carbon, the absorption due to the carbon would be greater than that due to the CO 2 in the sample. The factory which manufactured the dry ice used by ES is no longer in operation, so we are unable to inquire about this possibility. Such impurities would have been left behind as a deposit on the surface of the remaining sample as the CO 2 sublimed away during the experiment, and the plots of log(transmission) vs sample thickness (ES Fig. 1 ) would be concave downward (rather than straight lines) if the impurities had absorbed light significantly. The curvature would be greater at wavelengths where CO 2 is less absorptive. There is just a suggestion of such behavior in Fig. 1 of ES: the plot for 0.46 gim is indeed concave downward, whereas that for the more absorptive wavelength 1.0 gim is not; but there really is too much scatter in the data to rule out a straight-line fit to each. Egan (personal communication) did not see any deposits of dust when visually examining the samples.
IV.

Near-and Middle-infrared, 1.4-25 Mum
The IR spectrum is characterized by very intense narrow absorption features separated by regions of very weak absorption. The laboratory experiments are readily separated into those which measured only the strong absorption bands and those which measured only the weakly absorbing regions. The same bands which are strongly absorbing in CO 2 gas are also strong in the solid. These are the fundamental vibrational modes V2 at 15 gm and V 3 at 4.3-gm wavelength as well as weaker bands at 1.4, 1.9, 2.0, 2.1, and 2.7 gim.
The fundamental symmetric-stretching mode v, at 6-9 gim is inactive in the gas but appears as a weak absorption band in the solid due to interaction with lattice vibrations.
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A. Strong Absorption Bands were obtained simply as
Sources of Data
where d is sample thickness and IB and Is are the transmitted intensities of the blank cell and with the sample in place, respectively. Since reflectance varies with wavelength in the 4.3-and 15-gm bands, this procedure leads to erroneous results in those bands, as
shown below. windows. The sample thicknesses were obtained by measuring interference fringes outside the strongly absorbing regions (at X = 1.1 gim). The wavelength resolution was 1 cm-' at 15,gm and -2 cm-' at 4.3,gm; the frequency calibration used the known line spectra of several gases. The experimental method was given in more detail in an earlier paper. 3 3 YP claimed that Eq. (2) could be used to obtain kabs, which would be true if the real refractive index of CO 2 did not change across the absorption band. However, both V2 and V3 are intense enough to cause mRe to vary substantially (from 0.3 to 3.2, as shown below) across the absorption peaks causing substantial reflection at the C0 2 -air and absorption band, meaning that the reduced transmission with the sample in place should not be attributed entirely to absorption. After subtracting the apparent background from analyzing transmission data to obtain these results; the other authors did not. Our reanalysis of Yamada and Person's 7 transmission data using Kramers-Kronig relations, described in the Appendix, resulted in the line of plus . 6 signs, which is used in the compilation.
using Kramers-Kronig analysis of the entire spectrum to determine mRe, and mRe then to determine the reflectances of the interfaces, resulting (after several iterations) in the reanalyzed values of mim(X) also shown in Figs. 7 and 8. The detailed procedure is given in the Appendix. The minor peaks at 4.38 and 15.66 gim in these spectra are attributed 7 to the isotope YP estimated an uncertainty of 10% for the integrated intensity of each band; specific values of ln(IB/Is) would have somewhat larger uncertainty. The tick marks on the YP wavelength axis are not uniformly spaced indicating a drafting error. This leads to a small uncertainty of up to 0.01 gm (0.4 cm-') in the positioning of the peaks in the 15-gm band and up to 0.002 gm (1 cm-') in the 4.3-gm band.
Wood and Rouk3l (1982) (WR) condensed CO 2 gas to form thin films at both T = 20 and 80 K. We use the results at 80 K, for which 25 samples were measured, with thicknesses in the 0.23-13-gm range. Sample thickness was obtained by measuring interference fringes for visible light. Transmission measurements were made at wavelengths from 2.5 to 14.3 Am, covering the strong bands at 2.7 and 4.3 gm but not at 15gAm. The spectral resolution was 4 cm 1 , i.e., about twice as coarse as YP's. WR noted that the CO 2 spectrum changed more with temperature than did the spectra of H 2 0 and NH 3 .
Wood and Roux obtained mRe and mlm by a leastsquares determination using several sample thicknesses. Then they applied KK analysis to this mim(X) to recompute mRe(X). It is the latter mRe(X) which is given in Table 6 of their report. 3 4 The KK-consistent mim(X) and mRe(X) "yielded good agreement for all wavenumbers" when the transmittances implied by them were compared to the observed transmittance data. However, that statement seems incorrect for the center of the 4.3-gm band: WR's reported m implies 0.7% transmission for the thinnest sample, but their plot of transmission for this sample (Fig. 11 of Ref. 34) shows 6% transmission.
WR's mim(X) is plotted here (after some smoothing)
in Fig. 6 for the 2.7-gm band and Fig. 7 for the 4.3-gm band. WR stated that their values of mjm may be inaccurate wherever they are less than -10-3, because their samples were too thin to measure small absorption.
Choice of Data
In the rather weak narrow bands near 1.4 and 2.0 gim we use the values of FS; they are the only measurements available. In the 2.7-um band (Fig. 6 ) the values of WR are favored over those of FS, because WR performed a KK analysis. However, the absorption peaks probably are actually narrower and higher, as found with FS's finer spectral resolution. FS's discovery of minor peaks at 2.73, 2.75, and 2.81 gim are also supported by the qualitative spectrum in Fig. 4 of Dows and Schettino. 3 5 However, these narrow peaks may broaden at higher temperature, so the coarse resolution data of WR may actually be more appropriate for planetary studies. In the 4.3-gLm band (Fig. 7) it is difficult to'choose between the results of WR and the reanalysis of YP's transmission data. Although made at the same temperature, they disagree dramatically, with WR giving a larger total band strength and a prominent shoulder on the shortwave side of the peak. This shoulder does not appear in YP's measurements either before or after reanalysis. The values of FS (also at about the same temperature) agree with those of YP both in the peak position and in the lack of a shoulder, but their peak value is considerably higher. Because the shape of YP's peak does not change much on reanalysis, we expect that Fink and Sill also would probably not obtain the shoulder if they were to reinterpret their transmission data. Such a shoulder is also absent in the absorption spectrum of CO 2 gas on the shortwave side of this band (Appendix 10 of Houghton 3 6 ).
The preliminary results of FS suggest that, on reanalysis, they would agree better with YP than with WR on the peak position and shape. However, they would agree better with WR for the integrated intensity. We use YP's data for the compilation. However, because of the difficulty of choosing between YP and WR, the complete KK analysis of the entire spectrum is performed in Sec. VII for each choice of data in the 4.3-gm band. The two sets of mRe differ substantially only in the vicinity of the band; they are both plotted below so that the reader can choose either.
In fact, neither YP nor WR can have obtained values of mlm to a high degree of certainty in the 4.3-gm band, because their thinnest samples (0.23 gim in both cases) were still too thick to allow significant transmission at the band center, so that the observed transmission could contain a substantial contribution from leakage of light. YP obtained 4.5% transmission at the band center. As mentioned above, WR's reported m implies 0.7% transmission. Of the three experimental groups, only FS used a sample thin enough (0.04 gm) to obtain significant transmission here.
In the 15-gm band (Fig. 8 ) the measurements of YP are used. The values of FS are only for a few points, and (as explained above) it is not possible to reanalyze them properly using the available data. If YP and WR had agreed on the 4.3-gm band, that would give us confidence in the use of YP's data at 15 gim. Since they did not agree, it would be desirable to obtain a second set of measurements for the 15-gtm band. However, we can compare the locations of the peaks. YP and FS agree at 15 gm as they did at 4.3 gm. WR made no quantitative measurements at 15 gm but did report the peak positions to be at 650 and 655 cm', i.e., offset by +5 cm-' from the positions found by YP and FS.
B. Regions of Weak Absorption
Gaizauskas" (1955) measured IR spectra of CO 2 gas, liquid, and solid. These include some of the most careful measurements ever made on CO 2 ice. The procedure for growing clear smooth thick crystals of purified CO 2 was discussed. Both Behn 0 and Gaizauskasll were able to obtain them both from the liquid at high pressure and by deposition from the vapor at atmospheric pressure. Crystals grown from the liquid could not be used for the Giazauskas IR measurements because the salt windows for IR absorption cells are too fragile to be used under pressure at low temperature. He, therefore, grew crystals from the gas following Behn's suggestion. The growth must be 
done from CO 2 gas at nearly atmospheric pressure and the temperature systematically lowered as the crystal grows thicker.
Gaizauskas's main interest was to investigate to i band in all three phases of CO 2 (in the gas it is active only at high pressure), and he obtained quantitative absorption coefficients only for the 6-9-gm region (his Fig. IV-2 ) at T = 124 K. The spectral resolution was 3-5 cm-1; the frequency calibration used the known line spectra of several gases. The corresponding mim is plotted here in Fig. 9 . It is small enough that mRe will not change significantly across this spectral region, so that we are able simply to use Eq. (2) to obtain kabs and mlm. The sample thickness, measured by microscope, was uncertain to ±10%, which causes the same fractional uncertainty in mlm. The temperature dependence of this weak band was subsequently investigated by Blest-Castillo, 1 2 who, however, did not report absolute values of kabe. The two highest peaks broadened somewhat as the temperature rose from 124 to 191 K. (A broadening of these peaks had also been shown earlier by Jacox and Milligan 3 7 as their sample warmed from 4 to 53 K.) Blest-Castillo also was successful at growing clear crystals by the same method used by Gaizauskas. Later work by Mannik and Allin1 3 at higher resolution (Av = 2 cm-') obtained a more detailed structure in kab, (their Fig. 3 ) with many minor peaks appearing that were not seen by Gaizauskas. However, they reported no absolute values of kabs, so their results are not plotted here.
Gaizauskas also recorded spectra of a C0 2 -ice specimen "approximately 3 mm thick" for the 1900-2100-, 2650-3600-, and 4650-5400-cm-1 regions (5.3-4.8-, 3.8-2.8-, and 2.2-1.9-gm wavelength, respectively) in his Figs. IV-4, 5, and 6. The ordinates of those figures are proportional to intensity but are uncalibrated. Since his thesis does not include spectra of the corresponding blanks, we cannot derive values of kab, from those figures. [The blank spectra may have been recorded, but they no longer exist according to Gaizauskas (personal communication).] The absorption peaks in the 1.9-2.1-,gm region in Gaizauskas' Fig. IV-6 are much broader than Fink and Sill5 reported; this is due to the coarse resolution (20 cm-') of Gaizauskas' instrument in this region compared with -1 cm-' for Fink and Sill's instrument.
Ditteon and Kieffer1 4 (1979) (DK) used 4.2-and 1.7-mm thick deposits of CO 2 to measure transmission spectra in the weakly absorbing regions from 2.5-to 28-,gm wavelength. Their principal difficulty was that the samples scattered light. Some crystals were initially clear, but they developed cracks and surface roughness during the course of the experiment due to lack of temperature control. The light scattering thus increased during the course of the spectral scan, and the samples also thinned by a few percent due to sublimation (Ditteon; personal communication). DK took account of the scattering when they analyzed the data to obtain the optical constants. They found evidence that the scattering was inversely proportional to wavelength. They then used the two samples with two different scattering functions to obtain mRe and mjm at each wavelength. A further difficulty is that DK's measurement of wavelength appears to be in error. In regions where DK's measurements overlap those of other investigators, the locations of DK's absorption peaks appear at longer wavelengths, as shown here in Figs. 4,9 , and 10.
The
trum should be shifted 40 cm-' to higher frequency. This is only an approximate correction, however, because the shift probably varies with frequency.
We now attempt to reanalyze DK's transmission measurements. We analyze only the thicker (4.2-mm) sample because it scattered less than did the 1.7-mm sample. (Their Fig. 3 is mislabeled: the 4.2-mm spectrum is actually the dashed line, not the solid line.) We compute the reflectivity of the interfaces for the system with and without sample. If the incident intensity at a particular wavelength is Io, the transmitted intensities through the sample Is and through the blank IB are given by Eqs. (3) and (4) [similar to DK's Eqs. (1) and (2)]:
Here rK is the Fresnel reflectivity of the window-vacuum interface using a KBr window, rc is the reflectivity of the C0 2 -vacuum interface, and rKC is that of the window-CO 2 interface. The sample thickness is d = 4.2 mm, and the extinction coefficient kext (units of inverse length) is the sum of absorption and scattering coefficients: kext = kscat + kabs (5) Two KBr windows bounded the chamber, and the CO 2 was grown on a third window, accounting for the high powers of (1 -rK). DK plotted the transmittance t as a function of frequency v defined as (4) into Eq. (6), we obtain
where here we also apply the shift of 40 cm-' to the measured spectrum as discussed above.
The three reflectivities are obtained using the mRe(X) of KBr from Fig. 8 (7), we need to estimate kscat(X) to obtain kabs(A) from Eq. (5). The scattering coefficient kcat is constrained as follows. We assume the Gaizauskas" values of kab, in the 6-9-gim region (Fig. 9) to be correct, and we force the reanalysis of DK's results to agree with them as much as possible. DK's published mlm exceeds that of Gaizauskas by a factor of 2 on average. DK's mim(X) also shows less structure suggesting that DK's spectral resolution was probably coarser than that of Gaizauskas. The k.cat(X) which causes DK's result to agree exactly with Gaizauskas is plotted as the solid line in Fig. 11 with kscat averaging -2.7 cm-'. (DK thought that the scattering occurred predominantly at the rough surface rather than throughout the sample, but we can still mimic its effect here by use of a kscat in units of inverse length because we are using data from only one sample of constant thickness.) Upper limits to kscat can be obtained at other wavelengths by the criterion tha kabs cannot be negative, as shown in Fig. 11 . The procedure for further constraining kscat now becomes rather arbitrary. We postulate that the mlm of Egan and Spagnolo in Fig. 4 can be extrapolated from 1.0 to 2.5 gm (except in the absorption lines measured by Fink and Sill) using the measured behavior of mim(X) form 0.6 to 1.0gm as a guide. This gives a value of mlm at 2.5Agm that implies kscat = 1.7 cmin. A smooth curve is then drawn (the dashed curve in Fig. 11 ) from this point, through the values implied by agreement with Gaizauskas at 6-9 gim, obeying the strict upper limits provided. This causes kscat to reach a maximum in the only region where its value is known, a disturbing coincidence. Such behavior may be justified by noting that (a) kscat increased with time, and DK's spectrophotometer scanned from small to large wavelength; and (b) starting at a long wavelength, kscat is expected to increase as the wavelength decreases until X 1, where is the length scale of the surface roughness features. This behavior of kscat(X) may, therefore, be plausible if 1 is 5-10 gm, but 1 was not measured by DK.
We take the dashed line in Fig. 11 as kscat(X) and obtain kabs(X) from Eq. (5). The corresponding mIm is plotted in Figs. 4, 9, and 10 together with an upper limit to mJm obtained by setting k 5 ct = 0. The relative uncertainty in the reevaluated mim is largest where mlm is very small. There is no constraint which gives a lower limit to mim in the regions near 3.6, 6.2, and 9.0 gim, nor for 1.0 < X < 2.5 gm and X > 20 gm.
C. Compilation of Imaginary Index
Egan and Spagnolo's 9 kabs is approximately linear in logX from 0.6 to 1.0gim. This dependence is extrapolated as a dashed line in Fig. 4 to match with reanalysis of DK at A = 2.5 gm. The measurements by FS of the four absorption lines in this region (Fig. 5 ) are added.
In the 2.7-gm band (Fig. 6 ) the results of WR are favored over those of FS because WR performed a KK analysis. We ignore WR where mim goes below 10-3, because their samples were too thin to allow weak absorption to be measured accurately.
We interpolate between the reanalysis of DK at 2.60 gim and WR at 2.688 gin, assuming logmjm varies linearly with X (Fig. 4) . Similarly, logmm is interpolated linearly in X from WR at 2.782 gm to DK-reanalyzed at 2.84 gim. We ignore the curvature of DK's mlm concave downward toward the band centers, both here and at 4.3 and 15 gm, because it appears to be wrong when joined with the measurements by others at band center.
DK-reanalyzed is then used for 2.85-3.9 gm (Figs. 4 and 9); then log mIm is interpolated linearly in X to WR at 4.0 gim. WR's measurements are used from 4.0 to 4.17 gm and from 4.4 to 4.5 gm, but for the band center, 4.17-4.4 ,gm (Fig. 7) , the reanalysis of YP is used. A smooth curve is drawn to interpolate form WR's data at 4.5 gm to DK-reanalyzed at 4.8gim.
A sharp absorption feature measured by FS at 4.9 gim (Fig. 9) that DK's spectrophotometer may not have resolved this peak sufficiently. Alternatively, perhaps this peak observed by FS at 4.9 gm is the same one found by DK at 5.2 gm, which has been shifted to 5.1 gm in the reanalysis. This interpretation would require that DK's wavelength calibration was much worse here than elsewhere in the IR.
We use DK-reanalyzed from 4.8 to 6.54 gm (Fig. 9 For the band center, 14.3-16.0 gm, the transmission data of YP are reanalyzed in conjunction with the KK analysis of the entire spectrum, as described in Sec.
VII.B, resulting in the solid line in Fig. 8 .
From FS's value at 16.2 Am a smooth curve is drawn to meet DK-reanalyzed at 17.9 gm in Fig. 10 . A gap in the compilation begins at X = 25 gim because no measurements have been made at 25-80-gm wavelengths.
V. Far Infrared
There are two absorption lines in the far infrared due to lattice vibrations in the crystal 39 (We assume that the value of the top of the vertical axis in his Fig. 3 is wrong since it is inconsistent with the other marks on that axis.) Also plotted here are the adjusted values of mim at 100 K using data from Kuan's Table I . 
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1.5318E+l that the labels on the ordinates in their Figs. 1 and 2 are too small by a factor of -4, making the disagreement with Kuan not so large but still serious. Fink and Sill 5 obtained preliminary values of mlm at two wavelengths in the 90-gm line at T = 90 K. These values (plotted in Fig. 12 ) are rather higher than those of Kuan adjusted to 100 K.
B. Choice of Imaginary Index
The measurements of Kuan are favored over those of BK because of the internal inconsistency of BK's paper. Kuan's spectral resolution was also better. Kuan found that both peaks shift to lower frequency with increasing temperature, which causes him to disagree with BK not only in intensity of the lines but also in their locations.
It would be desirable to reanalyze the raw transmission data of Kuan at 100 K because mlm is large enough that mRe varies somewhat across the absorption lines. However, the raw data were not included in Kuan's thesis. Our scaling from 4.2 to 100 K is based on changes in peak position, width, and integrated intensity given by Kuan, but there may also be changes in the shapes of the peaks which we cannot know. Kuan's measurements are not reanalyzed here because of this uncertainty in reconstructing the raw data for 100 K and because mRe varies only moderately across these lines (from 1.33 to 1.58, as shown in Sec. VII).
Any postulated changes in the strengths of these lines will affect mRe significantly only in the immediate vicinity of the lines, as shown below.
VI. Microwave
Simpson, Fair, and Howard 4 l (1980) prepared samples of packed CO 2 snow of varying density in the 0.7-1.27-g cm-3 range. They were able to infer properties of pure CO 2 from microwave measurements by assuming that scattering was negligible since the airspaces in their packed snow blocks were much smaller than the wavelengths used, 25 < X < 136 mm (frequencies 2.2-12 GHz). They extrapolated their measurements to the density of pure CO 2 obtaining Re = 2.25 independent of frequency in this range and also independent of temperature between 113 and 183 K. They estimated an uncertainty of 10% in ERe, which gives us mRe = 1.5 4 0.1. An upper limit to the loss tangent was obtained, tan8 EIm/ERe < 0.005, implying mIm < 0.004 throughout this frequency range. Some less accurate measurements by the same authors suggested that these results for both mRe and mlm remain valid out to much longer wavelength, at least to X = 6 m (frequency 50 MHz).
VII. Kramers-Kronig Analysis
Analysis of the entire spectrum using the KramersKronig relation (1) to obtain a self-consistent set of mRe(X) and mim(X) involves (a) scaling the x-ray or UV band strengths to obtain the correct mRe at visible wavelengths; (b) reanalysis of transmittance data in the strong IR bands using trial values of mRe(A); and (c) computation of the entire spectrum of mRe(X). These three steps are iterated to convergence.
A. Scaling of X-Ray and UV Imaginary Index
The real index of refraction is known at visible wavelengths. When the real index is computed at all wavelengths using Eq. (1), its value in the visible is largely controlled by the strengths of the x-ray and UV absorption bands. The x-ray band is known only in position and shape, not in strength, so we are free to adjust its strength to obtain the correct observed value of mRe in the visible.
The reference value of mRe is taken from measurements of Seiber et al. 25 shown in Fig. 2 : mRe = 1.404 at X = 1.0 gm. When the Koch and Skibowski' 9 values of mim are used for the UV, the x-ray band is required to have a huge peak value of mim = 13.7. Daniels values of mim in the UV are considerably larger, implying a real index at 1.0,um, which is too large even if the x-ray band is completely omitted from the KK analysis. Thus, for the compilation, Daniels values of mIm had to be reduced by 4% to obtain the correct mRe at 1.0 gm using no x-ray band.
The real index has also been measured in the microwave region, 4 ' mRe = 1.5 + 0.1. Thus the microwave real index is not significantly different from the visible real index. It is interesting to contrast this situation with the case of water ice, where the real index rises from 1.3 in the visible to 1.8 in the microwave.' 5 That rise is due mainly to two far-IR absorption bands. CO 2 ice also has two far-IR bands, but they are so narrow (compared with water-ice bands) that their integrated strength is small. According to our KK calculation, they cause mRe to rise from 1.404 (visible) only up to 1.438 (microwave). The values of mim in the far IR are uncertain, because to infer them required a temperature correction. If the microwave real index were known accurately, it could be used as a constraint to adjust the strengths of the far-IR lines as was done for water ice. However, the uncertainty of the microwave real index is too large to allow it to be used as a constraint.
B. Analysis of Transmittance Data at 4.3 and 15 gm
To obtain mRe and mim in the 4.3-and 15-,gm bands, the transmission data of Yamada and Person 7 must be analyzed by the method described in the Appendix. The results of the reanalysis are dramatic. At the 15.1-gm peak, YP's original value of mim = 6.4 is reduced to mm = 1.8, and the relative heights of the two peaks in the doublet are reversed (Fig. 8) . I,.,,,,,, I .UV 3
Kl.
-0.02~~~L Fig. 15(a) . In this case the discrepancy is probably due to different assumptions about the behavior of mIm outside the region measured.
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Figures 15(c) and (d) show the results of refinements using alternative sources of data for the 4.3-gim band.
Also plotted is mRe(X) as given by Roux et al., 3 4 showing that our KK analysis is in excellent agreement with theirs. The slight differences between 4.20 and 4.24 gm are probably due to the smoothing of WR's mi(X), which was done in this work. The compilation uses YP for the 4.3-gm band. The effect of using WR instead is to cause large changes in mRe only close to the band [ Fig. 15(c)] ; the much smaller changes at other wavelengths are given in Fig. 16 . The greater strength of the 4. and three decimal places are needed to resolve these hat if future evidence differences. The uncertainty in spectral location of a for the compilation, the absorption peaks is also considerable in many d off the figure. cases, but wavelength differences within an absorption by 4% to match the band are sometimes much more accurately known. To ,ove, was used to com-resolve the variation of mlm with wavelength within the as the solid line in Fig. near-IR line at 1.4 gm (Fig. 5) 
Vil. Summary and Recommendation for Needed Measurements
A compilation of the complex refractive index of CO 2 ice is made from the UV to the far-IR with some gaps. The uncertainty of this compilation varies greatly with wavelength and can be judged by noting in the figures the discrepancy among measurements by different investigators. The imaginary index is probably accurate to ±20% from 0.3 to 1.0 Am and from 6.6 to 8.6 gm. In. the UV and in the strong bands the uncertainty of both mim and mRe is a factor of -2. In the IR, outside the strong bands, the uncertainty is a factor of 5 except in the regions noted in the table near 3.6, 6, and 9 im, where the uncertainty is more than a factor of 10. Alternative compilations are provided for the UV and the 4.3-gm band, where it is not clear which of two conflicting sets of data is best.
The real index by contrast can be stated rather more accurately. Although the absorption bands at 4.3, 15, 90, and 150,gm have large peak values, their integrated strengths are too small to have much effect on mRe at wavelengths far from the absorption maxima. New measurements are needed in several spectral regions. The first priority is to measure the weakly absorbing regions of the IR, 1-25 Am. Except for the 6.5-8.5-gum region, which is known accurately, the IR studies used C0 2 -ice samples which scattered a substantial but undetermined amount of light. A second priority is to remeasure the near-UV and visible absorption,0.2-1.0,gm. The reported values are likely to be correct, but because the measurements were made on impure CO 2 they require confirmation. Samples at least several millimeters thick are required for both of these spectral regions; thus the Behn-Gaizauskas method for growing large clear crystals of pure CO 2 should be revived.
A third priority is to obtain additional measurements in the UV and in the strong IR bands. These regions have already been studied by several authors, but there is considerable discrepancy among the derived values. Attempts should be made to obtain smooth plane surfaces of C0 2 -ice crystals, so that reflection measurements can be made in addition to the transmission measurements which have been used up to now.
Finally, we note that it has been useful to reinterpret here the raw data from some of the experiments where it was possible to improve on the original interpretation. In order that data can remain useful for such attempts at reinterpretation, it is important that not just the derived quantities but also the raw data always be published, preferably in graphs of large size.
I thank Richard Ditteon and Willis Person for providing large graphs of their IR transmittance data, E. E. Koch Detector arrays with image-plane processing Previous approaches to machine vision have concentrated on special-purpose computational hardware, including focal-plane processor chip technologies. In most cases, detection and processing are considered as distinct submodules. In a newly proposed device, edge processing of picture elements is incorporated on the same VLSI (very-large-scale integration) chip as that of the image-detection elements.
The concept combines relatively large detector elements with small processor elements as VLSI chip features and can have many specific embodiments. Previous VLSI and VHSIC (very-high-speed integrated circuit) processorchip designs have generally sought to diminish all individual features on the chip to the smallest size possible and have not merged detection with processing. The new device concept retains relatively large detector element sizes (perhaps 10 to 100 m or larger in diameter) with processing-electronics components of much smaller size ( 2 ,um or less), filling in gaps left between the detector-element active areas.
The specific design concept shown schematically in Fig. 8 is for realizing a difference-of-Gaussian (DOG) operator in a detector/processor array for use in machine-vision edge-enhancement and edge-detection applications. A sequential approach to input voltages and readout is shown, but a parallel approach is also possible if readout and voltage distribution points feed through to the base of the substrate material.
The principal functional components for creating a DOG operator are the inversion and attenuation of the signals from the six detector elements surrounding the central element and the summation of various signal contribu-/0 0 0/00\ tions for readout. The attenuation factor is about one-sixth for the six surrounding elements. A lens-blur function smooths the detector-element spatial response to obtain approximately a DOG-group response function and minimizes the effect of gaps between adjacent detector elements. 
Integrated-circuit active digital filter
New digital integrated-circuit chips with pipeline architecture rapidly move 35 X 35 2-D convolutions. There is a need for such circuits in image enhancement, data filtering, correlation, pattern extraction, and synthetic-apertureradar image processing, all of which require repeated calculations of weighted Each chip contains five multiplier/adders executed in metal-oxide semiconductor circuitry. A delay-adder modular design (see Fig. 9 ) provides a bucketbrigade transfer of the accumulated product sum, thereby saving multiple accesses to the host computer memory. As many of these chips as necessary can be cascaded together to form an array containing m X n multipliers.
Delay lines are used to retain data between use in succeeding rows of the filter. For example, one row of a 35 X 35 filter would require seven chips. The chips for one such row will fit in one 68-pin flatpack 90 by 40 mm in dimension.
Both the data and the sums move through the chip in a pipelined manner. Each of the 1225 multiplications and additions taking place at any given moment contributes to a different weighted sum. This work was done by Robert Nathan of Caltech for NASA's Jet Propulsion Laboratory. Refer to NPO-16020. Deformable subreflector computed by geometric optics SUBFORMING employs geometric optics in determining subreflector coordinates to match a main reflector surface with known distortions. An antenna with a distorted paraboloidal reflecting surface can be forced to produce a uniform wave front by using a Cassegrainian geometry with a path-lengthcompensating subreflector.
First, the computed distortion vectors of the main reflector are best fitted to a paraboloid. Second, the resulting residual distortion errors are used to determine a compensating subreflector surface by ray tracing, using geometric optics. The solution is a set of points defining the subreflector contour. The slope of the surface and the normal to the surface are determined for each point.
This program is written in FORTRAN V for batch execution and has been implemented on a Univac 1100-series computer with a memory requirement of approximately 25K of 36- 
